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The Bottom Line

 Hot and dense (partonic) matter with strong
collectivity has been formed in Au+Au collisions at
RHIC. Study of the properties of the new form of
matter requires more penetrating probes like heavy
quarks.
o Mechanism for parton energy loss.
o Thermalization

* New micro-vertex detector is needed for STAR
experiment.

DOE milestone for 2016: “Measure production rates, high pT spectra, and
correlations in heavy-ion collisions at Vs, = 200 GeV for identified hadrons with heavy
flavor valence quarks to constrain the mechanism for parton energy loss in the quark-
gluon plasma.” 3



STAR Detector
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STAR Physics Program

\

1) At 200 GeV top energy

- Study medium properties, EoS
- pQCD in hot and dense medium

Temperature T [MeV]

2) RHIC beam energy scan
- Search for the QCD critical point
- Chiral symmetry restoration

Spin program
- Study proton intrinsic properties

Forward program

- Study low-x properties, search for CGC
- Study elastic (inelastic) processes (pp2pp)
- Investigate gluonic exchanges




Heavy Quark Energy Loss

STAR: Phys. Rew. Lett, 98, 192301(2007). 1) Non phOtOﬂiC
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Surprising results -

- challenge our understanding of the energy loss mechanism
- force us to RE-think about the elastic-collisions energy loss
- Requires direct measurements of c- and b-hadrons.




HFT

- Low mass
- Near the event vertex

- Active pixels

Technology

i
!

L J

Pixel 1-2 R=2.5, 8cm

New beam pipe

e

Hit resolution R-¢ Radiation Length

Technology
(um - pm)
SSD+ double sided strips 30 - 857 1% Xy
IST Silicon Strip Pad sensors 170 -1700 1.2% X
PIXEL Active Pixels 8.6 - 8.6 0.3% Xy

Pointing resolution ~25 um@1 GeV/c to resolve average decay length ~80 um
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200 GeV DATA with old Silicon TPC only Cu+Cu
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Hadronic reconstruction with HFT

STAR HFT has the capacity to
n* reconstruct the displaced vertex of

DO > K (B.R 3.8%, ct = 123um)
A, = 7Kp (B. R. 5.0%, ct = 59.9um)

D° Decay | % i
i 3 i '
: O $ & Au+Au 200 GeV Central
L 1000} 11 |
: D Decay P
| Detail Primary
07 CMFame | Ly o
; Detail 0 Pt
I : 500+ :
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P9
& Primary Vertex P e
Q C‘é}_ “.~ [ |
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3D Difference to MC Vertex (um)
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HFT Performance example on the D® — K1 reconstruction

Simulation of Au+Au@200GeV
Hijing events with STAR ao
tracking software including 1500F 1Py LS Gevie <t 1000(- 70 <P <7 GeVie i<t
. . . . ¥
pixel pileup (RHIC-II luminosity) *
extrapolated to 500 M events 1000 !
(~one RHIC run). - !
500¥
|dentification done via L 0 et contat S00M o :
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E | o T | ; -
- — | _.__._ ]
1’ * D°+D° ly<1 E i’j Ad .,
- L 1 P + +_._ N
10-3§_ L ] _§ 10’ E _.__._ E
i * ] : "‘++ .
B P 1 | -8 _
E ] E _"—o—_._
= ™ ] 0 +_.:
- . -
-5 - — | — ]
10°F e 1% -
[ ® ° ] N ]
_ . . - DD, Jy|<t .
= ® o - Au+Au 200 GeV central 500M events i
- Au+Au FOOGQV ceptral 500M ?\.rents o
-7 1 1 L 1 ] 1 | 1 | 1 ]
107, 2 4 5 8 10 0 2 4 6 8 10

Transverse momentum P, (GeV/c)
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Total Cross Sections (nb)
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Heavy Quark Production

RHIC LHC
<=>
...... mg = 1.3 (GeV) Charm
w=me T
m.=15(GeV) T

w=2mg

Bottom

mg = 4.5 (GeV)
u=mg

mg = 4.75 (GeV)
u=2mg

u=mg

2 3 4
10 10 10 10

Vsyy (GeV)

R. Vogt http://www-rnc.Ibl.gov/ISMD/talks/Aug9/1400_Vogt.pdf

NLO pQCD predictions of
charm and bottom for the

total p+p hadro-production
cross sections.

Renormalization scale and
factorization scale were
chosen to be equal.

RHIC: 200, 500 GeV
LHC: 900, 14000 GeV

Ideal energy range for
studying pQCD predictions
for heavy quark production.

Necessary reference for both,
heavy ion and spin programs
at RHIC.

Estimated error bars of measurement comparable to line thickness! M




HFT - Charm Hadron v,

I ' I ' I ' I ' I
200 GeV Au+Au Collisions at RHIC
(DO: 500M minimum bias events; |y|<0.5)

N
(&)
L

2

[ Hydro model predlctlon
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Transverse Momentum P, (GeV/c)

- 200 GeV Au+Au minimum bias collisions (500M events).
- Charm collectivity = drag/diffusion constants = medium properties!

STAR ONLY can perform precision low p; flow measurements for D°
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HFT - Charm Hadron R

Simulation — D° p;, NOT decay electron
I ' I ' I

1 | 1 I 1 1
2.0 200 GeV Au+Au Collisions at RHIC T
(D°: 500M minimum bias events; |y|<0.5)
1.0 [ -mmmm e b
= N,;, scaling . 10%
i ] dN /dp;
B Q\@ . RCP = NIO/(6O—8O) dN /d (60-80)%
T . < WNpin = Pr

Rep

|

- N i i
part scaling \'ép, ________________________ _
P

B Charged hadron ch

©  Expected errors on D° Rep

0o 2z 4 6 & 10
Transverse Momentum o (GeV/c)

llll

- Significant Bottom contributions in HQ decay electrons.
- 200 GeV Au+Au minimum bias collisions (Jy|<0.5 500M events).
- Charm R,, = energy loss mechanism!
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A, Measurements

Ac(> p+K+TI):
¢ ( P ) (R ) * Expected errors for Lambda/Kaon enhancement
4 CP°Ag )
1 ) Lowest mass charm bawon — u (RCP)D° o Expected errors for no enhancement
2) Total yield and A_/D° ratios &
can be measured. £ 31— CD1response
e | |
< , [
- Lambda/Kaon  /
Cg 2 enh. (STAR) |
A./D° enhancement? < |- % % -
1 no enhancement
Measuring A_yield is B AU+Al§J 200 GeV, 250M central + 2000M minimum bias events
important for charmed 0 S 1 l . .
baryon/meson ratio. 0 1 2 3 4 5 6

Transverse Momentum P, (GeV/c)
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D, Reconstruction

&N

200 GeV Au+Au Collisions at RHIC

SIMULATION

p
*D— K"K (BR 5.5%)
* D —pr— K'Km (BR 2.2%)
* mass = 1968.49 + 0.34 MeV
* decay length ~ 150 um

.

* Work in progress ...

« 200 GeV central Au+Au

* Ideal PID

* Power-law spectrum with:
n=11,<p>=1GeV/c

0.5B events will work!

15
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M= D* -> Knn

D mirror negative

-
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0
-

0 O T O O O O IR
*  Another charmed meson i
reconstructed using a full secondary B NV VOO SO SO SR SO A N U N -
vertex (Kalman) fit i i
80_ SN N -
The HFT is going to reconstruct g

ALL major charm-carrying
particles
DY, Dg, D*, D*

* This is important for ‘bottom’

H H H ¢ 1 ’ -llllill||illllil|l|il||lilll|i||||i||||i||||il||l ||l|lE|l||
ContrIbUtlon US”:]g the SUbtraCtIon 12 13 14 15 16 1.7 18 19 2 21 22 12 13 14 15 16 1v 18 19 2 21 22
method (next Sllde) Invariant mass K ="z [GeV/c’] Invariant mass K ="x" [GeV/c”]
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Strategies for Bottom Measurement

(1.a) Displaced vertex
(1) A(”foaD”'i S)tates electrons (TOF+HFT)
7 +MTD trigger?

0

U

Some Bottom states

(Statistics limited at RHIC) Bottom decay electrons

Measure Charm and Bottom hadron:

Cross sections, Spectra and v,
N )




d”N/(N_ 2mp_dp_dn) (GeVi/c)?

T

T

c- and b-decay Electrons

H. van Hees et al. Eur. Phys. J. C61, 799(2009). (arXiv: 0808.3710)

T T T T T T T T T T T T T T T ! | ! | ! |

_2 | I I 1 | 1
LU S 0 Do 1 20 200 GeV Au+Au Collisions at RHIC y
A - —e
[ O Boe ]
¢ B->D—>e .
104 O O sum _ 1.0 s d
- ¥ STAR PRLY8 (2007) - RN N,;, scaling -
- 1i%,m Dalitz B oy =N s
n ® ----y conversion ] B . i
N SRR other hadron decays % B T N N T
6L — total bg ] - Q. ++ -
107 ¢ 1o — e .
B . | N, scaling t]¢f1+_+ _+* _______
.| 0.2 -
107 [ TPC+HFT ! -
| 50M Au+Au Central 8-10% yood | o1 b Doe © 0 500M minimum bias TPC+HFT
- s=200 ?ev ", | ‘ || | B S— Bose o m 500 ub”" L w/ HT trigger .
10-10 L 1 ’ 1 L L | | | I I -
0 2 4 6 8 10 ' '
P, (GeV/c) 0 2 4 6 8

Transverse Momentum P, (GeV/c)

dN /dp!™*
< N;?n/(60—80) S dN/dp;?O—SO)%

RCP =

- DCA cuts = c¢- and b-decay electron distributions and Rp

- 200 GeV Au+Au minimum biased collisions (|Jy|<0.5 500M events)

18



Summary

« Detailed spectra of heavy flavor (c, b) is an
iInvaluable piece of information in solving the heavy
flavor RHIC puzzle.

« First generation of detectors needs smart
replacements

« The Heavy Flavor Tracker in STAR is the most
advanced answer to this need

19



Spares
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B-meson capabilities (in progress)

Normalized yield
=)
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B->e+X approach
Rate limited, not resolution
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HFT - Charm Hadron v,

[ T | T | T | T T T T
-~ 200 GeV Au+Au Collisions ~ ====== Hydro -

- (D% 500M min bias events; |y|<0.5) = charged hadrons
— = V,(C) = vz(q)

— = V,(c)=0

N
(&)

2

N
o

[N
(8)]

10

\ L
, mem | wEmm | R

mmm - stat. error (thi
stat. error (thick)

7.

|

Anisotropy Parameter v_ (%)

(o)==

0 1 > 3 4 5
Transverse Momentum o (GeV/c)

- 200 GeV Au+Au minimum bias collisions (500M events).
- Charm collectivity = drag/diffusion constants = medium properties!
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D, Reconstruction

200 GeV Central Au+Au Collisions at RHIC

d’N

?{.‘.
Sy

Without ¢

4 500M events

Witho %

- 50M events T ;

*500M events

2 3 4 5 6 7 8
pT(GeVIc)

-

.

*D— K"K (BR 5.5%)
* D —pr— K"K (BR 2.2%)
* mass = 1968.49 + 0.34 MeV
* decay length ~ 150 um

* Work in progress ...

« 200 GeV central Au+Au

* Ideal PID

* Power-law spectrum with:
n=11,<p>=1GeV/c

0.5B events will work!
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A, Measurements

3
S e ® O n 00 g **,
© e @ L
+ K+ 17): = 10" .
A (> p+K+T): £ 10 RO
[ -0 O -
:g - ; - [o] &
1) Lowest mass charm baryon E | ® Acrecoefl.  —
. . 107 Q . i
2) TOtal y|e|d and AC/DO ratios % ECAURAL 200 GeV Central O Ac with GoodPID -
can be measured. & T
< I
10°
0 I 2 I 4 I 6 | 8 I 10
Transverse momentum p_(GeV/c)
4 (Rm:)A * Expected errors for Lambda/Kaon enhancement !
— B ( CP)D"' o Expected errors for no enhancement
@
E 31 CD1response A./D°® enhancement?
Q
5 2 e Measuring A yield is
> important for charmed baryon/
. I .
1 no enhancement T meson ratIO
B Au+Au 200 GeV, 250M central + 2000M minimum bias events
% 1 2 3 4 5 6

Transverse Momentum P, (GeV/c)
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R-¢ Pointing Resolution (microns)

Projection error is a strong function of
first-layer distance and thickness

-—b
o
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o
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(r2 — rl) sin (0):':

o _ 136(MeVio \/7
g o \X

In the critical region for Kaons from D° decay, 750 MeV to 1 GeV, the PXL
single track pointing resolution is predicted to be 20-30 um ... which is
sufficient to pick out a D% with ¢t =125 um

The system (and especially the PXL detector) is operating at the MCS limit 25
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pr(e) (GeV/c)

6 J

P gt ieteee b aed
2 —— . ‘1.,:4¢ﬁ{}:(}?:9',69-.-..-. /\".

Decay e p; vs. B- and C-hadron p-

s 1

2 4 6 8 .
p:(D) (GeVie) .i.....;.EZ

g . - 7Y . B S i it T
Ty P my ot : ™1 ..- .......
-----

. o . ‘-
' . % rAde

e IR {TEE)
- “rBenie

"y - ':-.lo.-
- RNeesane

: - ..::::::8::::::"-
Pr(D) (BeVie) p:(B) (GeVic)

0 B 4 5 8 2

The correlations between the decayed electrons and

heavy flavor hadrons is weak.
Key: Directly reconstructed heavy quark hadrons!

Pythia calculation  Xin Dong, USTC October 2005 26



Chaélenge: e.g. DY decay length

..................

..................

+ _[Entries 39079
'+ [Mean 0.00662

+ |RMS 0.007818

I N e e

» Used <pt>~1GeV

« 1 GeV/ n=0 D9 has By~0.5

* Un-boost in Collider !

* Mean R-¢ value ~ 80 um

...........
.........

....................................

....................................

....................................

' ' 1 ' '
=== ===5========= Fe======= i B Fr========

................

.................

------------

...............

_______________

0 0005 001 0015 002 0025 003 0035 004 0045 CO5

Wed Dec 12 21:49:45 2007 Decay Length in X-Y plane

cm

average decay length is ~80um

For a realistic D° distribution, at midrapidity and <p> ~ 1GeV/c, the
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OLD (SVT) A NEW (HFT)

23cm — 22em

—— 14cm

— 8cm

SVT:~1.5%X0/layer

S 2.5cm

PXL:0.3-0.5%X0/layer 28

Detector resolutions differ by a factor of two but pointing by a factor of ten.
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Partonic Energy Loss at RHIC

STAR: Nucl. Phys. A757, 102(2005).

|
O d+Au(20%)

¢+% ® Au+ Au (5%)
______________ o
O
A +
TL
‘e e ® o
2 4 6 8 110
p; (GeV/c)
RAA

(1/N ;g0 AN/ (A0)

0.2

O d+ Au (20%)
® Au+ Au (5%)
—_— p+p(MB.)

|

-1 0 1 2 3 <

A¢ (radians)

dN / dp;*

T <N™ > dN/dp”

Central Au+Au collisions: light quark hadrons and the away-side jet in back-to-

back ‘jets’ are suppressed. Different for p+p and d+Au collisions.
Energy density at RHIC: € > 5 Gevifms~ 3080

Explore pQCD in hot/dense medium

R, A(c,b) measurements are needed!
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The QCD Phase Diagram and
High-Energy Nuclear Collisions

—

The nature of thermalization
at the top energy:

2
L/
v ® ‘ — =» Heavy quarks \
2 => Di-lepton

1

e

Y /

~

3

© | \
o wmitical Point?

Q

o

§ hadron gas

:§§; ® nuclei

0 =

al

Baryon Chemical Potential
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Quark Masses

Higgs Vacuum ;
10 5|. Electroweak symmetry breaking
=
— 10 4 g
é C
3 ()
v 10
| -
S
O 402 e
2]
@)
2
L 10 d QCD Vacuum
mieimemamsnamensimen| ' % Symmetry breaking
u
1 2 3 4 5
1 10 10 10 10 10

Total quark mass (MeV)

X. Zhu, et al, Phys. Lett. B647, 366(2007).

- Higgs mass: electro-weak
symmetry breaking (current
quark mass).

- QCD mass: Chiral symmetry
breaking (constituent quark
mass).

=> Strong interactions do not
affect heavy-quark mass.

=> New scale compare to the
excitation of the system.

=> Study properties of the hot
and dense medium at the
foremost early stage of
heavy-ion collisions.

=> Explore pQCD at RHIC.
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Requirement for the HFT

Heavy lon

p+p

Measurements

heavy-quark hadron v, -
the heavy-quark collectivity

Requirements

- Low material budget for
high reconstruction efficiency

- pr coverage 2 0.5 GeV/c
- mid-rapidity
- High counting rate

heavy-quark hadron Ry, -
the heavy-quark energy loss

energy and spin dependence
of the heavy-quark production

- High p; coverage
~ 10 GeV/c

- pr coverage 2 0.5 GeV/c

gluon distribution with heavy
quarks

- wide rapidity and p+
coverage
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Partonic Collectivity at RHIC

Vs, = 200 GeV "°’Au+"*"Au Collisions at RHIC

] | |
— (a) Light quarks (b) Strange quarks

STAR: preliminary + *
R Mooy

O ¢
A Q

! ! | ! 3
2 3 4 5 O 1 2 3 4 5
Transverse Momentum p. (GeV/C)  s7ar: amz009

Low p+ (= 2 GeV/c): hydrodynamic mass ordering

High p; (> 2 GeV/c): number of quarks ordering
s-quark hadron: smaller interaction strength in hadronic medium
light- and s-quark hadrons: similar v, pattern

=> Collectivity developed at partonic stage!
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N(€2) / N(¢)

STAR: Phys. Rev. Lett. 99, 112301(2007)
0.5 T T T ' T
-------- Hwa&Yang (thermal)
Hwa&Yang (total) 0.25 |-
0.4 o/ (0-12%) '
- m Q/¢ (20-40%) ' 0.2
03l & S/ (40-80%) i
/ BN 0.15
A _
0.2 T/fi/I 0.1
A N
0.1~ L | | . 0.05
/ - L 0
% 2 3 6

Transverse momentum P, (GeV/c)

¢ -meson Flow: Partonic Flow

Vs, = 200 GeV "’Au + *’Au Collisions at RHIC (IV)

0 xn A p+p \)&‘, NCQ—scaIing fit )
7. .
0 A A\ O =
O K& A A+A (Q\c, g
& % A Al 2
sS4 a Ak 4 )
S WA 3
o ' Mo .9 .- - W - S
CY- - B I :
," oa‘,,‘ Q
KA T + g
o 2
Ky o 3
o w
v ® ¢ - meson £
S i 8
Y STAR Preliminary =
0 1 2 3 4 5 6

Transverse momentum p, (GeV/c)

“¢-mesons (and other hadrons) are produced via coalescence of

seemingly thermalized quarks in central Au+Au collisions. This
observation implies hot and dense matter with partonic collectivity has
been formed at RHIC”

In order to test early thermalization: v,(p;) of
c- and b-hadrons data are needed!
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Charm Cross Sections at RHIC

. STAR (nucl-ex/0607012)
STAR (PRL 94 (2005) 062301)
. PHENIX (hep-ex/0609010)

|
O STAR D%+p+e (Au+Au)—
@ STAR D%+e (d+Au)
B STAR D’ (Cu+Cu)
A PHENIX e (Au+Au)
¥ PHENIX e (p+p)
A PHENIX pu (p+p)

ratio to FONLL

SYysS. error

III|IIIIIIIII

()
T T II]II‘
Cary :
M= = S
i
<] 5—'_'

— Color dipole
HSD
PYTHIA

T T TTT1TY

e, -
........
-,

Illlllll

IIIIIII;

Rapidity y

1)
2)

Large systematic uncertainties in the measurements
New displaced, topologically reconstructed measurements
for c- and b-hadrons are needed = Upgrade
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SVT+SSD DO-vertex resolution (simulation)

Reco vs. MC [cm] Reco - MC [cm]
[ slength vs decay geant 3D | Mean of the difference
: = 04 reconstructed -MC
o C : : .
S B - - Q0.08f==reeeees Beeerneannn -1 Rms of the difference
=+ ™ - H '
: E0.06F—+++-eeee- beeeemmnns ....] reconstructed -MC
RO | N I S F H H
e L L & .F .
F +_ﬂ_§ + >‘0.04-—...--.-.-l...--..----l---..------I--.--------I-----------E ----------
........---5--- S - . [h -~
_F'_ E 00. - .i-.l---. Y 0
+7 o4 ° : :
R r=
: =3 :
0. :
5 :
£ -0.04F ;
0.06
-0.08f
IlillIiIII _0:llllllllillllillllillllillll
0.06 0.08 0.1 "0 0.01 0.02 0.03 0.04 0.05 0.06
decay Geant 3D [cm] decay Geant 3D [cm]

MC [cm]

Left : correlation between reconstructed path length and MC
Right : Decay length resolution
e There is no systematic shift in reconstructed quantities.

e The standard deviation of the distribution is flat at ~ 250 um , which is
of the order of the resolution of (SSD+SVT). 36



Charm Baryon/Meson Ratios
——-. A /D"yield ratios

(

A DKot 1 A /DP :
S : 0.89 ' Case 2. Most deeply binding (m,4= 450 MeV)
DO i K-t :
| - 2-body collisions by ¢ and ud
l
! : 1 -body collisions by ¢, u and d
: - -
: 0.44 Case 1. Threshold (m_4= 600 MeV)
QGP 0.11 012 0159
medium 0.11 - -== | I 0.03
' l , l ' l l ' il
'\( soealesconce — coalescence statistical pp collision B decay
with diquark y without diquark
~

—

Y. Oh, C.M. Ko, S.H. Lee, S. Yasui, Phys. Rev. C79, 044905(2009).
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